Purpose-To develop a measurement protocol for changes in the shape and size of the ciliary muscle with accommodation using the Zeiss Visante ™ Anterior Segment Optical Coherence Tomographer (AS-OCT) and to determine the test-retest repeatability of these measurements.
have enabled us to continue to build on our current understanding of normal ciliary muscle function. These advances will elevate the level of comprehensive eye care we can provide for the entire visual system.
Patients present with symptoms of accommodative dysfunction in optometric practices daily. While reading additions successfully alleviate these symptoms in the young and old alike, continued research is needed to gain a greater understanding of the in vivo muscle function in young patients with accommodative dysfunction and also after presbyopia onset. A recent review article has shown that multiple companies are working to develop accommodative intraocular lenses (IOLs) that rely on the action of the ciliary muscle; although, there remains a limited understanding of presbyopic muscle function. 1 In addition to presbyopia, other types of accommodative dysfunction are also important to consider because our daily activities increasingly place demands on our ability to see clearly at close distances, i.e., computer use, video games, electronic book readers, smart phones, etc. Few studies have explored the prevalence of accommodative dysfunction in the general population, but 60% to 80% of patients diagnosed with binocular vision disorders have been found to suffer from accommodative dysfunction. [2] [3] The symptoms that are commonly associated with accommodative anomalies include blurred vision, headache, ocular discomfort, ocular or systemic fatigue, and loss of concentration during a task performance.
Studies have shown vision therapy can improve both accommodative amplitude and facility, as well as increase the magnitude and velocity of accommodative responses. [4] [5] Nonetheless, specific muscular and/or neurological changes that might take place during vision therapy remain unmeasured and the exact effects of therapy remain unknown. Similarly, an increased accommodative lag has been observed after the onset of myopia, but we have been unable to identify the source of this anomaly in the accommodative system. 6 Further studies are needed to provide a complete understanding of the childhood development and then the gradual decline of the human accommodative system and how it may relate to myopia, accommodative dysfunction, and the feasibility of IOLs that restore accommodation. Until recently, however, we have not had the imaging capability to measure in vivo changes in the ciliary muscle with accommodation. Recent studies have successfully used magnetic resonance imaging (MRI), ultrasound biomicroscopy (UBM), and anterior segment optical coherence tomography (AS-OCT) to visualize the ciliary muscle and/or to make measurements of the muscular changes that take place with accommodation. [7] [8] [9] [10] The present study combined the imaging capabilities of the Visante ™ AS-OCT (Carl Zeiss Meditec ™ , Dublin, CA), which is capable of imaging the ciliary muscle and allows for further extraction of thickness measurements, 11 with simultaneous monitoring of accommodative status (vertical meridian) by the PowerRefractor II (MultiChannelSystems, Reutlingen, Germany). Combining data from these two devices with knowledge of ciliary muscle anatomy allows one to make measurements of changes in ciliary muscle thickness while accounting for the subject's accommodative response. In addition, the Visante ™ is a non-contact, non-invasive, imaging system that is also easy to operate. It acquires images in a rapid fashion that makes it possible to image the ciliary muscle in adults and children. [12] [13] 
METHODS

Subjects
Subjects were recruited within the Ohio State University College of Optometry. Adults, under the age of 30 years were eligible. Twenty-five subjects ages 23 to 28 years (mean ± SD = 24.2 ± 1.1 years) participated in the study. At the time of planning this study, we were uncertain of what amount of change in the ciliary muscle thickness should be expected. A sample of 25 was thought to be sufficient for this exploratory investigation. Seventeen of the subjects (68%) were female. Subjects could have any refractive error, i.e., myopia, hyperopia, or astigmatism, as long as it was correctable to 20/20 with contact lenses. Exclusion criteria were any history of ocular diseases or disorders other than refractive error; a history of strabismus; a history of any previous eye surgery; and the use of any systemic or topical medications that are known to affect the ciliary muscle. After a presentation and discussion of the study procedures, all subjects provided written informed consent. The study was approved by the Institutional Review Board of The Ohio State University.
Testing Procedures
All subjects underwent the same testing protocol, as described below, at two, separate, study visits that were scheduled approximately two weeks apart. All subjects who required refractive error correction wore contact lenses while all measurements were taken. All measurements were made on the right eye while the left eye was occluded.
Ciliary Muscle Measurements
Images of the temporal ciliary muscle of the right eye were taken without the use of any pharmaceutical agents. Images were obtained with the Zeiss Visante ™ Anterior Segment OCT while the subjects viewed targets at 1.00 m (1.00-D stimulus) and at 25 cm (4.00-D stimulus). The target placed at 1.00 m will be referred to as "distance" throughout the manuscript because the PowerRefractor monitoring showed that mean ± SD accommodative response to the 1.00-D target was −0.20 ± 0.54 D, the median was −0.08 D, and the range was −1.12 D to +0.99 D, indicating that most subjects' accommodative systems were at rest when viewing the 1.00-D stimulus. Six ciliary muscle images were obtained from each subject for both targets in the Enhanced High Resolution Corneal Mode (axial resolution = 18 μm and transverse resolution = 60 μm, according to the manufacturer). The scleral spur was selected in each image by one examiner (MDB) who was masked to both the subject identification number as well as the accommodative state for the image. Thickness measurements were obtained from these ciliary muscle images using a semi-automatic algorithm to obtain a maximum thickness measurement (CMTMAX) as well as thickness measurements at 1 mm (CMT1), 2 mm (CMT2) and 3 mm (CMT3) posterior to the scleral spur ( Figure 1 ). 11 To determine the accommodative state of the eye during ciliary muscle imaging with the Visante ™ , simultaneous measurements of monocular accommodative response were taken using the PowerRefractor II. The PowerRefractor is an autorefractor that is capable of determining the power of the eye when positioned approximately 1.0 m from the subject's eye. It samples at a rate of 25 Hz, has a range of −8.75 to +4.00 D, 14 and requires a pupil size larger than 3.7 mm. 15 While subjects were positioned in the Visante ™ head and chin rest, they viewed either the distance or the 4.00-D targets. At the same time, the PowerRefractor was positioned to read the power of the eye continuously through a mirror positioned on the side of the Visante while six images of the ciliary muscle were obtained using the Visante ™ . The PowerRefractor data were filtered to eliminate changes in accommodation greater than 10 D/s because an accommodative change of that magnitude is faster than what is known to be physiologically possible. 16 The analysis used the mean PowerRefractor reading for the horizontal meridian over the entire time subjects were viewing the distance and the 4.00-D targets. Thus, at each visit, each subject had one mean PowerRefractor reading for the distance target and one mean PowerRefractor reading for the 4.00-D target. A diagram of the setup for the ciliary muscle image acquisition with simultaneous accommodative monitoring is shown in Figure 2 .
All 25 subjects completed the required two visits. For six subjects, PowerRefractor data were not available for one or both visits due to an equipment malfunction, so we were unable to include the data from these subjects' visits in analyses that accounted for accommodative response. In addition, one visit's data was removed from all analyses for two subjects because he or she did not exhibit an appropriate accommodative response during testing, i.e., the subject did not have an accommodative response of at least 2.00 D when he or she was presented with the 4.00-D stimulus. This was likely due to a lack of attention or understanding of the task on the part of the two subjects, rather than an inability to accommodate, because the problem only occurred at one of the two study visits.
While the ciliary muscle imaging was completed according to our laboratory's previous publication, 11 some minor adjustments to the protocol were needed for some of the 4.00-D images. In our original publication on measuring the ciliary muscle, 11 all of the images were obtained under cycloplegic conditions. In the present study, some images that were taken while subjects responded to the 4.00-D stimulus were darker than cycloplegic or nonaccommodative images in the anterior region of the muscle. Figure 3 is an example of one subject who had darker images under accommodative conditions. For some subjects, an adjustment was made to the contrast settings in our algorithm in order to obtain the outline depicted as a solid white line as opposed to the outline depicted as a white dashed line in Figure 3 . This algorithm adjustment allowed the outline of the ciliary muscle to include the entire anterior region of the muscle, such that the CMTMAX measurement was located at the apex of the muscle.
Statistical Analyses
The action of the ciliary muscle during accommodation was described by our data in two ways. First, we determined the mean change in the thickness of the ciliary muscle for all subjects as they changed their focus from a distance target to a 4-D stimulus. This calculation did not account for the actual accommodative response of each subject, and it is referred to as the "change for a 4-D stimulus" in ciliary muscle thickness in this report. Second, we divided the change for a 4-D stimulus by the accommodative response recorded by the PowerRefractor (the difference between the distance and the 4-D measurements taken during Visante ™ imaging). This ratio (change for a 4-D stimulus/accommodative response) represented the amount of thickening or thinning that occurred in the ciliary muscle per diopter of accommodative response, or the "change per diopter of accommodation." For each measurement of change in ciliary muscle thickness (CMT1, CMT2, CMT3 and CMTMAX), we fitted the following multilevel model:
In the model μ is the population mean for change in thickness. Estimating μ was the goal of the analysis. The deviation from the mean had two components, a deviation due to biological variability between subjects (δ i ) and within-subject measurement error (ε ij ).
Analyses suggested by Bland and Altman (1986) were used to assess the inter-visit repeatability of the change for a 4-D stimulus and change per diopter of accommodation for each ciliary muscle thickness measurement. 17 Plots of the difference versus the mean of the measurements were visually inspected to determine if the difference between measurements was related to the mean. The mean difference between measurements was calculated and compared to zero using a one sample t-test to determine if any bias was present. The mean of the differences and its standard deviation were used to calculate the degree of repeatability also commonly referred to as the limits of agreement. The limits of agreement (mean ± Table 1 shows the mean ciliary muscle thickness values for the distance and 4.00-D measurements at both visits. Note that even though this sample was relatively small, i.e., 25 subjects, the mean and median are similar, suggesting that the data were distributed symmetrically around the mean.
RESULTS
Action of the Ciliary Muscle During Accommodation
Descriptions of the observed change for a 4-D stimulus and the change per diopter of accommodation in ciliary muscle thickness with accommodation are shown in Table 2 . The results for the modeled change for a 4-D stimulus and the change per diopter of accommodation, which provided 95% confidence intervals, are shown in Table 3 . The modeled results showed a statistically significant thickening of the ciliary muscle with accommodation at both CMT1 and CMTMAX. No thickening or thinning was found for CMT2 with the change for a 4-D stimulus or the change per diopter of accommodation. Statistically significant thinning of the ciliary muscle was found with accommodation at CMT3 for both the change for a 4-D stimulus and the change per diopter of accommodation.
Inter-visit Repeatability
The results of the Bland-Altman analysis are shown in Table 4 . No statistically significant bias was noted between visits for any ciliary muscle thickness measurement, which was not surprising because no learning effects were anticipated to occur for the accommodative task. The coefficients of repeatability for all ciliary muscle thickness measurements were less than 130 μm for the change for a 4-D stimulus and less than 40 μm for the change per diopter of accommodation.
DISCUSSION
There is a growing body of literature exploring changes in the ciliary muscle structure with accommodation. Recent advances in imaging technology have made it possible to more easily visualize in vivo changes in the ciliary muscle with accommodation. 11 The primary objective of this study was to determine if the Visante ™ AS-OCT was capable of providing images with enough resolution to observe changes in ciliary muscle shape with accommodation. During the course of our efforts to develop a protocol using the Visante ™ , we did determine that it is important to monitor accommodation during the imaging as it did differ slightly from measurements obtained prior to imaging on an autorefractor (data not shown).
In a published letter, 18 we have attempted to encourage those who measure the ciliary muscle in accommodative research to discuss and consider how the ciliary muscle should be measured. Two previous studies have demonstrated that the Visante ™ is capable of imaging the ciliary muscle in vivo, 13, 19 and reported changes in the ciliary muscle morphology that are similar to our results even though their data collection and image analysis techniques were different from the ones used in this report. 18 While Sheppard and Davies (2010) did not use exactly the same locations for thickness measurements as we did, i.e., their thickness measurements were referenced to the overall length of the muscle rather than the scleral spur, their CM25 measurement is probably in the general area of our CMT1, and their CM75 is probably similar to our CMT3. Both studies included an evaluation of ciliary muscle thickness differences, comparing distance and 4.00-D accommodative stimuli. When the measurements from our study and Sheppard and Davies (2010) are compared, we found a 45.2 μm mean thickening at CMT1, and Sheppard and Davies (2010) found a mean increase in thickness from 550 μm to 571 μm (or 21 μm) at CM25. Similarly, we reported a mean thinning of −45.9 μm at CMT3 and Sheppard and Davies (2010) reported a mean thinning from 174 μm to 166 μm (or 8 μm) at CM75. Sheppard and Davies (2010) also reported a measurement at 2 mm posterior to the scleral spur (CM2), and they found a very small, but statistically significant thinning of 21 μm at this location where we observed no significant change (−7.3 μm, p = 0.5). It is possible that we might have observed a statistically significant change if we had included more than 25 subjects in our study.
Our results and previous studies confirm that it is possible to measure the action of the ciliary muscle during accommodation using images from the Visante ™ , and that there appears to be a thickening of the anterior portion and a thinning of the posterior portion of the ciliary muscle during accommodation. Still, there are improvements that could be made to the protocol for making these measurements. It is possible that the best protocol for obtaining these measurements in future studies would include having a measure of the accommodative response at the exact time of image capture. This suggestion is based on observations from a couple of subjects with a wide range of accommodative responses during Visante ™ imaging. For example, one subject had similar mean ± SD PowerRefractor readings while viewing the distance target at the two study visits, but the range of responses was more variable than some other subjects . This subject also had more variable ciliary muscle measurements than other subjects. For example, CMTMAX at visit 1 was 780 μm and was 700 μm at Visit 2. We noted at least two subjects with discrepancies as extreme as these. Of course when we are measuring human subjects and relying on their responses and attention in a study such as this, some variability is inevitable and likely unavoidable. Nonetheless, in future studies, we will use an imaging protocol that includes measurements of accommodative response at the exact time each image is obtained to try to reduce the variability of the measurements and improve estimates of how much change in ciliary muscle thickness is required per diopter of accommodative response.
While accommodative monitoring during image acquisition is certainly one major limitation of the estimates of the change in ciliary muscle thickness during accommodation for the present study, we should also acknowledge one additional limitation. In our original publication of the semi-automatic algorithm we use to analyze the dimensions of the ciliary muscle, we included only cycloplegic images. When we began analyzing images that had been obtained during accommodation, it was clear that the anterior portion of the ciliary muscle was, at times, much darker than the cycloplegic images. It would not be surprising that the spacing of fibers within the muscle might vary between the accommodative and cycloplegic states of the muscle, resulting in different levels of contrast in the two types of images. The process of adjusting the contrast for some of the 4.00-D images, as depicted in Figure 3 , did require some subjectivity on our part. For future studies, we are exploring how image capture and/or analysis might be adjusted so that all images could be analyzed with the same contrast settings in the algorithm.
While we are certain that refinements of the methods used to monitor in vivo accommodation in humans is important, we would also like to remind the reader that we have already discussed the fact that our results were similar to those of Sheppard and Davies (2010), even though our measurement techniques were not identical. 18 In addition, we have collected data similar to these for additional studies, i.e., a study of children 20 and also in a study of pre-presbyopic and presbyopic adults (unpublished data), where we made protocol adjustments but still obtained remarkably similar results. Based on the fact that we have repeated these results in other samples, we are confident that the results presented in this study are a good estimate of the change in ciliary muscle thickness per diopter of accommodation, despite the limitations of the study that are discussed above.
In summary, the combination of the Visante ™ AS-OCT and the PowerRefractor provide a feasible method for future studies to continue to explore the exact nature of ciliary muscle contraction in adult subjects. In future studies, we intend to further refine the estimates of how the shape of the ciliary muscle changes with accommodation, and refine our procedures for determining the subject's accommodative response. The information about ciliary muscle contraction and also the evolution of our methodology and protocols provided here and in our companion paper in this issue of the journal describing these measurements in children, 20 should allow for more definitive and insightful studies of the ciliary muscle during accommodation in the future. Representative Visante ™ image of the sclera and ciliary muscle while the subject views an external fixation target. The thickness measurements 1 mm (CMT1), 2 mm (CMT2), and 3 mm (CMT3) posterior to the scleral spur are shown (pink). The maximum thickness of the ciliary muscle is also shown (CMTMAX, yellow). A diagram of the set up used to simultaneously monitor accommodation during imaging of the ciliary muscle. While the subject was positioned in the head rest for the Visante ™ Anterior Segment Optical Coherence Tomographer, he or she viewed targets at either 1.0 m (distance) or 0.25 cm (4-D) through a mirror that was positioned on the left side of the Visante ™ . The PowerRefractor II was positioned so that it could read the power of the eye through the mirror. The dashed line shows the optical path of the eye viewing the targets as well as the optical path of the PowerRefractor. Outline of the ciliary muscle in an image that was captured while the subject viewed at 4.00-D stimulus. Because the image contrast seems to change for some subjects during accommodation, i.e., the anterior portion of the muscle is slightly darker, the outline obtained with the standard contrast settings 11 (solid line in print, red line on line) did not capture the entire muscle structure. A minor adjustment of the contrast settings was needed in order to fully outline the ciliary muscle (dashed line in print, yellow line on line). A color version of this figure is available online at www.optvissci.com. Table 1 General morphological characteristics of the ciliary muscle for all subjects while they viewed the distance and 4.00-D targets. Table 2 Observed changes in ciliary muscle thickness as subjects focused from the distance to the 4.00-D target. Table 3 Modeled change in ciliary muscle thickness for a 4-D stimulus and for the change per diopter of accommodation. Table 4 Bland-Altman analysis for the inter-visit repeatability of the change in ciliary muscle thickness for a 4-D stimulus and for the change per diopter of accommodation. 
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